Introduction
============

Bipolar disorder (BD) and major depressive disorder (MDD), which are collectively known as affective disorders, are essentially relapsing and remitting disorders of affect with nearly full recovery between episodes.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ The frontopolar cortex (FPC, Brodmann area (BA) 10) has long been a focus of neuroimaging studies addressing these disorders. For example, longitudinal studies of MDD patients imaged both before and after various treatments have identified metabolism and flow changes in the FPC.^[@bib6],\ [@bib7],\ [@bib8]^ Increased metabolism in the left FPC has been associated with depression relapse during experimentally induced monoamine depletion in full-remission MDD patients, further suggesting that monoaminergic dysfunction may represent a trait abnormality in MDD and that the FPC may be involved in such pathophysiological mechanisms.^[@bib9]^ BD patients also display blunted activation in regions adjacent to, and including, the left FPC independent of mood state.^[@bib10]^ Other frequently reported neuroimaging abnormalities in affective disorders include white matter and subcortical gray matter hyperintensities.^[@bib11]^

Only a few neuropathological correlates have been reported in the post-mortem FPC of subjects with affective disorders. Most of these studies demonstrated oligodendroglial abnormalities. For example, reductions in the levels of immunoreactive myelin basic protein, a marker for mature oligodendrocytes, were found in homogenates from the FPC of depressed subjects.^[@bib12]^ Ultrastructural changes in oligodendrocytes were observed in the FPC of BD subjects.^[@bib13]^ More recently, using a novel flow cytometric cell-counting method, Hayashi *et al.*^[@bib14]^ found that the densities of oligodendrocyte-lineage (olig2-positive) cells specifically decrease in the gray matter of FPC in subjects with MDD^[@bib14]^ and BD.^[@bib15]^ These findings suggest that some quantitative and/or qualitative trait abnormalities in the FPC, most likely related to those of adulthood cortical myelination, may be involved in the pathophysiology of affective disorders.

Because fatty acids (FAs) are the main constituents of lipids that account for about 50--70% of the dry weight of both the human brain and myelin, respectively,^[@bib16],\ [@bib17]^ abnormal FA composition may have a role in such myelin abnormalities in the FPC. To test this hypothesis, we employed a well-characterized set of frozen, unfixed post-mortem human brains from the Stanley Foundation Neuropathological Consortium,^[@bib18]^ composed of FPCs and inferior temporal cortices (ITC, BA 20), from typical core cases of MDD, BD or schizophrenia (Sch) and from matched controls, and analyzed their FA composition. The ITC was included in the analysis because, in striking contrast to the FPC where adulthood intracortical myelination continues at least until the fifth decade,^[@bib19]^ the ITC may represent an exception to this process, displaying a conspicuously small degree of adulthood intracortical myelination.^[@bib19]^

Materials and methods
=====================

All experimental protocols were approved by the Ethics Committee of the Tokyo Metropolitan Institute of Medical Science (Tokyo, Japan).

Animal studies
--------------

To investigate the effects of post-mortem interval (PMI) and frozen storage on brain FA composition, 8-week-old adult male wistar rats (*n*=17) were killed by cervical dislocation. The animals were then kept at 4 °C for 0 (*n*=9), 24 (*n*=4) or 48 h (*n*=4) without perfusion. At each PMI, the brain was removed from the skull and the whole cerebral cortex was dissected out as described by Hayashi *et al.*^[@bib14]^ The tissues were immediately frozen and stored at −80 °C until measurements were carried out. The frozen brains were used within 35 days (*n*=4), except for one group (*n*=4) that was frozen immediately after cervical dislocation, which were stored for 550 days to investigate the effects of long-term frozen storage.

To examine the effects of myelin inclusion on FA composition, 6-week-old adult male Sprague--Dawley rats (*n*=60) were killed under anesthesia, and the cortex was dissected without (Ex1, *n*=26) or with (Ex2, *n*=34) the corpus callosum, whereas the hippocampus was dissected out in its entirety (*n*=60) as described in [Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}.

To investigate the effects of medication on FA composition, 6-week-old male Sprague--Dawley rats (*n*=59) were intraperitoneally administered saline (*n*=13), 10 mg/kg amitriptyline (*n*=9), 10 mg/kg fluoxetine hydrochloride (*n*=4), 5 mg/kg desipramine (*n*=5), 5 mg/kg setiptiline (*n*=5) or 5 mg/kg maprotiline (*n*=5), mood stabilizers (2 mmol/kg lithium chloride, *n*=3; 200 mg/kg valproic acid, *n*=3), psychostimulants (5 mg/kg phencyclidine, *n*=3; 5 mg/kg methamphetamine, *n*=3) or antipsychotics (1 mg/kg haloperidol, *n*=3; 1 mg/kg risperidone, *n*=3) for 3 weeks. Desipramine, setiptiline and maprotiline were categorized as norepinephrine re-uptake inhibitors (*n*=15), as they directly or indirectly inhibit norepinephrine but not serotonin re-uptake, whereas amitriptyline and fluoxetine were categorized as serotonin re-uptake inhibitors (*n*=13). Following treatment, animals were killed under anesthesia and the hippocampus and the cortex were dissected out as described in [Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}. The tissues were immediately frozen, and total FA composition was determined as described below.

Post-mortem human brains
------------------------

Frozen blocks of the FPC (BA 10) and ITC (BA 20) cortex were generously provided by the Stanley Foundation Neuropathology Consortium. The samples were from subjects with Sch (*n*=15), BD (*n*=15) and MDD without psychotic features (*n*=15), and from normal controls (*n*=15). With informed consent from next-of-kin, participating medical examiners collected these specimens.^[@bib18]^ Two senior psychiatrists diagnosed these cases based on the Fourth Edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) criteria and medical records, and when necessary, telephone interviews with family members. The diagnosis of unaffected controls was based on structured interviews by a senior psychiatrist with family member(s) to rule out axis I diagnosis.^[@bib18]^ Demographic information and medical data are summarized in [Table 1](#tbl1){ref-type="table"}. The information on the medications/treatments prescribed to the patients at around the time of death is shown in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. Note, however, that these data are too incomplete and imprecise (in terms of toxicology and in other regards) to establish whether they were actually taking the medications at the time of death.

FA analysis
-----------

About 100 mg of cortical tissue were cut from the frozen blocks, placed in 10 × phosphate-buffered saline, and sonicated in a bath sonicator. All of the measurements described in this section were conducted in a blinded manner at Bio Medical Laboratories (Tokyo, Japan). Briefly, aliquots (400 μl) of brain samples were taken, and the lipids were extracted by adding chloroform--methanol (2:1 (v v^−1^)). The lipid samples containing the internal standard (23:0, tricosanoid acid) were then vortexed, sonicated and centrifuged at 2000, r.p.m. for 5 min. The organic layer was removed, and FAs were methylated with boron trifluoride and methanol. FA methyl esters were quantified by gas chromatography in a chromatograph GC-17A (Shimadzu Scientific Instruments, Kyoto, Japan) equipped with a BPX70 capillary column (30 m × 0.22 mm wide bore, 0.25 μm film thickness; SGE International, Melbourne, VIC, Australia). The carrier gas was helium with a column flow rate of 0.7 ml min^−1^. The capillary gas chromatography setup and associated flow rate enabled us to detect 2 μg of an individual FA in a 100 mg brain sample. As for the accuracy of this method, the intra-assay precision was 1.5--9.7% and the inter-assay precision was 3.1--17.9%.

Statistical analysis
--------------------

The software package JMP (version 7; SAS Institute, Cary, NC, USA) was used for all of the statistical analyses.

Multiple regression analysis was used to determine which model better explained FA concentrations: myelin inclusions in the samples or confounding factors ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). We included the following measures in the analysis: for myelin inclusion, we used FA concentrations (mol%); and for confounding factors, we used age at death, brain pH, brain weight, PMI (h), frozen storage (days), lifetime quantity of fluphenazine equivalent (mg), gender, suicide status, psychosis status, history of substance abuse, severity of substance abuse, severity of alcohol abuse, brain hemisphere and obesity index. Age at onset, duration of disease and smoking status were included in separate analyses because of the lack of control data or the presence of unknown status, respectively; however, none of the FA concentrations were significantly explained by any combination of confounding factors (data not shown).

Principal factor analysis was used for the extraction of most neutral predictors (myelin factor (MF)) of myelin inclusions in the cortical homogenates as described in the Results section.

We used canonical discriminant analysis to first test group differences for each uncountable confounding factor in relation to the FA concentration, and then to test each FA concentration in relation to the MF. Differences between each disease group and the control (or between each drug-treated group and the saline-treated group) were obtained by multivariate analysis of variance. *P*--values \<0.05 were considered statistically significant.

Results
=======

It is well known that 'free\' FA content, especially that of arachidonic acid (20:4*n*-6), increases significantly in autopsied brains during PMIs, due to high levels of lipid hydrolysis.^[@bib20]^ This would indicate that any determinations of either lipid composition or free FAs in post-mortem brain tissues, or in the myelin isolated thereof, made using comprehensive lipidomics analyses should be undertaken with the utmost care for PMIs. According to a few pioneering studies, however, 'total\' brain FA composition---including that of any liberated, non-esterified FAs---tends to remain relatively stable even during long PMIs.^[@bib21],\ [@bib22]^ Using whole rat cerebral cortices, we confirmed that the 'total\' FA composition, even for that of minor FAs (\<1.6 mol%), remained unaltered during PMIs (0, 24 and 48 h), except for 20:4*n*-6 ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). We also found that long-term frozen storage (days) similarly had almost no effect on the 'total\' FA composition, except for 20:3*n*-6 ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). Although the levels of 20:4*n*-6 and 20:3*n*-6, two *n*-6 polyunsaturated FAs, were significantly reduced, presumably due to the gradual conversion of these polyunsaturated FAs into eicosanoids^[@bib23]^ during long PMIs or storage, reductions in the absolute levels remained extremely small when compared with other FA levels ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).

In contrast, FA composition was largely influenced by the myelin inclusions. In rat brains, for example, a highly significant positive correlation was found between the concentrations of two major myelin-abundant FAs,^[@bib17]^ oleic acid (18:1*n*-9) and nervonic acid (24:1*n*-9) ([Supplementary Figures 2 and 3](#sup1){ref-type="supplementary-material"}). These two FA concentrations in rat brains not only varied considerably but also increased correspondingly as myelin inclusions in the homogenates increased (Cortex (Ex1)\<Cortex (Ex2)\<Hippocampus (Ex1)=Hippocampus (Ex2)). This suggests that inadvertent myelin inclusions are among the most powerful factors affecting 'total\' FA composition in the post-mortem rat brain.

In our own post-mortem human brain study, this proved generally true, as demonstrated by the Pearson\'s correlation coefficient matrix of all FA concentrations in the FPC or ITC plotted also against the available countable confounding factors ([Figure 1A](#fig1){ref-type="fig"}). While the concentrations of nine major FAs showed highly significant positive or inverse correlations with each other (\|*r*\|\>0.8) (multicollinearity) ([Figure 1B and Ca](#fig1){ref-type="fig"}), none of the FA concentrations correlated to any significant degree with the available countable confounding factors ([Figures 1Cb--h](#fig1){ref-type="fig"}). The uncountable confounding factors also had no significant effect on the FA composition, except in terms of diagnosis, indicating that certain FA abnormalities may exist in affective disorder brains ([Table 2](#tbl2){ref-type="table"}). The sum of these nine FA concentrations accounted for about 90% of the total FA concentration ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}), suggesting that an unexpectedly high proportion of FAs either increased or decreased in a corresponding manner, most likely due to the varied inclusion of myelin in the cortical homogenate ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Furthermore, a similar multicollinearity (albeit with a somewhat different FA combination from that found in humans) was observed in the rat brains ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}), which suggests that this phenomenon may be common in animal brains containing a myelin system.

Although multicollinearity did not reduce the reliability of the model as a whole, it did affect our calculations of individual FA concentrations. Furthermore, this factor had never been seriously considered in previous post-mortem human brain studies, although some did partially note its presence.^[@bib24]^ To untangle this multicollinearity, we conducted a principal factor analysis encompassing all 24 FA concentrations to determine the most neutral predictors of myelin proportions in the cortical homogenates. As a result, we found that Factor 1 boasted an exceptionally high eigenvalue and total variance coefficient compared with the second most powerful factor (Factor 2) ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Moreover, it strongly correlated with the nine major FA concentrations discussed above ([Figure 1B](#fig1){ref-type="fig"}). We thus concluded that Factor 1 could most accurately predict the proportion of myelin in the cortical homogenate, and designated it as the 'MF\'. We then re-analyzed all of the FA concentrations in relation to the calculated MFs.

Surprisingly, this novel statistical analysis revealed affective disorder-specific FA abnormalities in the FPC and ITC, which occurred in a myelin level-dependent manner ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} and [Supplementary Tables 4 and 5](#sup1){ref-type="supplementary-material"}). In the BD and MDD FPC, although not in the Sch or control FPC, we found that (i) two minor polyunsaturated FAs, docosapentaenoic (22:5*n*-3) and γ-linolenic (18:3*n*-6) acids, abnormally accumulated ([Figures 2a and b](#fig2){ref-type="fig"}), and (ii) the level of 18:1*n*-9, the ratio of 18:1*n*-9/18:0 (stearic acid) (presumably representing stearoyl-coenzyme A desaturase activity) and the ratio of 20:0 (arachidic acid)/18:0 (presumably representing elongase activity) significantly decreased ([Figures 2c--e](#fig2){ref-type="fig"}). Furthermore, all of these abnormalities were more extreme in those samples with higher MFs (that is, those with more myelin).

In the ITC, in contrast, the levels of 22:5*n*-3 highly significantly decreased in the affective disorder subjects ([Figure 3a](#fig3){ref-type="fig"} and [Supplementary Table 4](#sup1){ref-type="supplementary-material"}). Similar changes were found in the hippocampus ([Figure 3b](#fig3){ref-type="fig"}) and in the cortex (data not shown) of rats chronically treated with antidepressants, suggesting that medication and/or some compensatory mechanisms may be involved in the FA abnormalities found in the affective disorder ITC. Chronic antidepressant treatment also induced the upregulation of ratios of 20:1*n*-9 (gondoic acid)/18:1*n*-9 in the rat brains, an abnormality also found in the affective disorder FPC ([Figures 3c and d](#fig3){ref-type="fig"} and [Supplementary Table 5](#sup1){ref-type="supplementary-material"}). However, none of the top five FA metabolic abnormalities found in the affective disorder FPC ([Figure 2a--e](#fig2){ref-type="fig"}) was recapitulated in the rat brains ([Supplementary Tables 6 and 7](#sup1){ref-type="supplementary-material"}), suggesting that medications may have only limited effects on the major FA metabolic abnormalities found in the affective disorder FPC.

*Post hoc* analysis further revealed that none of the confounding factors (for example, left hemisphere vs right hemisphere, male vs female, and so on) influenced the abnormal FA metabolic abnormalities found in the affective disorder brains (data not shown).

Discussion
==========

In this study, we initially found that inadvertent myelin inclusion, but not the confounding factors, was the single most powerful factor affecting 'total\' FA composition in the post-mortem human cortical homogenates, resulting in highly significant multicollinearity among the major FA concentrations. To untangle this multicollinearity, we then statistically generated an 'MF\' representing the most unbiased and redundant predictor of each myelin proportion of the cortical homogenate, and re-analyzed all of the FA concentrations in relation to these factors. We found that highly significant FA metabolic abnormalities existed in a myelin level-dependent manner in the affective disorder FPC ([Figure 2f](#fig2){ref-type="fig"}).

We focused on the results from the FPC, but not on those from the ITC in this study, as the main FA abnormality found in the affective disorder ITC could be reproduced in the rat brains chronically treated with antidepressants (22:5*n*-3; [Figures 3a and b](#fig3){ref-type="fig"}), while the top five FA abnormalities found in the affective disorder FPC ([Figure 2f](#fig2){ref-type="fig"}) could not. These findings further illuminated the important roles played by the FPC as part of the neurocircuitry involved in the pathophysiology of affective disorders. The human FPC is unique in several respects. First, it is the largest single architectonic region of the human prefrontal cortex.^[@bib25]^ Second, it is disproportionately larger in the human brain than in any other animals, including the apes.^[@bib26]^ Third, it is the only prefrontal region that is almost exclusively connected to the more posterior supramodal areas, such as the dorsolateral prefrontal (BA 9, 46) and orbitofrontal cortices (BA 11, 12, 13 and 47).^[@bib27],\ [@bib28]^ In addition, its projections are broadly glutamatergic and GABAergic, as well as reciprocal.^[@bib27],\ [@bib29]^ Fourth, it is probably one of the last brain regions to achieve myelination.^[@bib18],\ [@bib30]^

The amounts of myelin, the single most powerful factor affecting total FA composition in the cortical homogenates, can be varied not only by sampling but also by the presence of intracortical myelination.^[@bib18],\ [@bib30]^ Thus, if disease pathogenesis can affect myelination in simply quantitative terms (for example, reduced myelination without any FA metabolic abnormalities), changes in the FA composition in a disease group would be indistinguishable from those induced by sampling in a control group. This concept may well explain the findings in the Sch cases. Although myelin-related abnormalities have been implicated in Sch,^[@bib31]^ they might be quantitative, at least in the FPC and ITC. However, if disease pathogenesis influences myelination in qualitative terms, then changes in the FA composition should be detectable in a myelin level-dependent manner and this may well explain the findings in the affective disorder brains.

So what types of qualitative abnormalities can occur in FA metabolism in affective disorder FPC? With regard to the biosynthesis of FAs or lipids, the endoplasmic reticulum may be a common organelle related to the top five FA metabolic abnormalities found in the affective disorder FPC. For example, 18:3*n*-6, 22:5*n*-3 and 18:1*n*-9 can serve as components of glycerophospholipids^[@bib17],\ [@bib32]^ synthesized on the cytoplasmic side of the endoplasmic reticulum. Stearoyl-coenzyme A desaturases and elongases are also known to be the endoplasmic reticulum enzymes^[@bib33],\ [@bib34]^ whose expression is abundant in glial cells but almost negligible in neurons in the adult rodent brain.^[@bib35]^ A possible explanation linking our findings and recent advances might be that a type of endoplasmic reticulum stress exists in the oligodendrocyte lineage cells in the affective disorder FPC due to the prolonged dysregulation of growth factor systems, such as those of fibroblast growth factors.^[@bib36],\ [@bib37]^

Clinically, this finding is highly intriguing. First, our findings clearly support, in biological terms, the current series of diagnostic classifications (DSM-IV) originally drawn from the Kraepelin\'s dichotomy.^[@bib1]^ Second, affective disorders (including MDD and BD) may be a type of myelin and/or myelination disorders that occurs in specific parts of the brain, such as the FPC, thus shedding light on their relationship with the relapsing--remitting type of multiple sclerosis, a major neurological myelin disorder characterized also by a high prevalence of affective symptoms.^[@bib38]^ Third, the implicated myelin abnormalities in the Sch brains,^[@bib31]^ if they indeed exist, may be quantitative but not qualitative in nature. Sch, which is characterized by relentlessly deteriorating mental functions and psychosis, might actually be a disease involving failure in neurons and/or neuronal connections, as we recently found, using a novel flow cytometric cell-counting method, that the densities of small NeuN-positive neurons (most likely representing small interneurons) in the gray matter of Sch FPC and ITC were decreased without any concomitant loss of total NeuN-positive neuron densities.^[@bib15]^

The exact functions of the FPC remain enigmatic, putatively ranging from planning to self-initiated behavior, social cognition, task switching and memory.^[@bib27],\ [@bib28],\ [@bib39]^ Given that the FPC is thought to be the most evolutionarily recent expansion of the primate prefrontal cortex, its function may uniquely reflect human adaptations in the context of selecting and updating models of reward contingency in dynamic environments. As adulthood intracortical myelination, which is influenced by both genetic and environmental factors, is an essential process for the establishment of efficient neuronal signaling networks,^[@bib40]^ any underlying abnormalities in the FPC may have an important role in the pathophysiology of affective disorders via biological pathways that have yet to be elucidated. A better understanding of these phenomena will provide important insights to facilitate the more effective diagnosis, treatment and prevention of affective disorders.
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![Effects of myelin inclusion or confounding factors on the human brain fatty acid (FA) composition. (**A**) Pearson\'s correlation coefficient matrix of 24 FAs for all available countable confounding factors of frontopolar cortex (FPC) (left, bottom) and inferior temporal cortex (ITC) (right, top) samples. Correlations are expressed by the respective color tiles. Note that none of the available countable confounding factors significantly affected FA composition, whereas the nine major FA concentrations (marked with an \*) showed multicollinearity (\|*r*\|\>0.8), probably due to inadvertent myelin inclusions. AGE, age at death; ONSET, age at onset; DUR, duration of disease (years); FLU, fluphenazine equivalent (mg); PH, brain pH; WEIGHT, brain weight (gram); PMI, post-mortem interval (hours); STORAGE, frozen storage (days); and OBESITY, obesity index. Letters in the matrix (A and B) indicate the position of graphs in panel C (for example, **a**=Figure 1Ca). (**B**) Rearranged correlation coefficient matrix of the marked FAs and myelin factors (MFs) for FPC (left, bottom) and ITC (right, top) samples. (**C**) Correlation between 22:6*n*-3 (docosahexaenoic acid (DHA)) concentration (mol%) and (**a**) 24:1*n*-9 concentration (mol%), (**b**) age at death, (**c**) PMI, (**d**) pH, (**e**) brain weight, (**f**) frozen storage days, (**g**) age at onset and (**h**) duration of disease. Note that only the 24:1*n*-9 concentrations correlated significantly with those of DHA (*P*\<0.0001), suggesting that the concentrations of one FA (for example, DHA) can be predicted by other FA concentrations (for example, 24:1*n*-9) (see the results of multiple regression analyses in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}).](tp2012132f1){#fig1}

![Top five fatty acid (FA) metabolic abnormalities in the affective disorder frontopolar cortex (FPC). (**a**) 22:5*n*-3. As the myelin factors (MFs) (myelin proportions in the cortical homogenates) increased, 22:5*n*-3 accumulated in the affective disorder (bipolar disorder (BD), major depressive disorder (MDD)), but not in the schizophrenia (Sch) FPC samples. (**b**) 18:3*n*-6. Similar accumulation of 18:3*n*-6 was observed only in the affective disorder FPC samples. Arrows indicate data from subjects with MDD who had not been prescribed antidepressant medications at around the time of death (see [Supplementary Table 1](#sup1){ref-type="supplementary-material"}), suggesting that such medications may not affect these findings. (**c**) 18:1*n*-9. Myelin-abundant FA, 18:1*n*-9, was significantly reduced only in the affective disorder FPC samples, particularly those having more myelin. (**c′**) Conventional comparison of 18:1*n*-9 concentrations. Note that, without MFs, we were deprived of information regarding the relationship between myelin and FA concentration. Furthermore, a statistically significant difference was only found between Sch and BD (*P*=0.03). (**d**) The 18:1*n*-9/18:0 ratios. (**e**). The 20:0/18:0 ratios. These two ratios were decreased in the mood disorder FPC samples, especially those having more myelin. (**f**) Summary of the FA metabolic abnormalities in the affective disorder FPC samples. Top five abnormalities found in this study are shown in red. Other significant, but less specific FAs, as well as their corresponding metabolic abnormalities, were also found in the affective disorder FPC samples (colored pink, see [Supplementary Tables 4 and 5](#sup1){ref-type="supplementary-material"}). Arrows indicate desaturase activities, downward arrowheads elongase activities, and an upward arrowhead β-oxidation. Several FA concentrations or their metabolic activities were undetectable in this study, and are therefore parenthesized. PUFAs, polyunsaturated FAs.](tp2012132f2){#fig2}

![The similar fatty acid (FA) metabolic abnormalities in affective disorder brains and rat hippocampi chronically treated with antidepressants. (**a**) 22:5*n*-3 in the inferior temporal cortex (ITC). In contrast to the frontopolar cortex (FPC) ([Figure 2a](#fig2){ref-type="fig"}), the concentration of 22:5*n*-3 decreased significantly in the affective disorder ITC. (**b**) 22:5*n*-3 in the rat hippocampus chronically treated with or without antidepressants. Chronic antidepressant treatment significantly reduced the concentrations of 22:5*n*-3 in the rat hippocampus. (**c**, **d**) 20:1*n*-9/18:1*n*-9 ratios in the FPC and rat hippocampus. As the myelin fibers (MFs) (myelin proportions in the cortical homogenates) increased, these ratios increased and became abnormally upregulated in the affective disorder FPC (**c**), as well as in the rat hippocampus chronically treated with antidepressants (**d**).](tp2012132f3){#fig3}

###### Demographic characteristics

  *Parameter*                       *Control (*n*=15)*      *MDD (*n*=15)*          *BD (*n*=15)*               *Schizophrenia (*n*=15)*     *Statistical results*   
  --------------------------------- ----------------------- ----------------------- --------------------------- ---------------------------- ----------------------- ----------------------------------------------
  Age at death (years)              48±11 (29--68)          47±9 (30--65)           42±12 (25--61)              45±13 (25--62)               0.540                   One-way ANOVA
  Gender                            9 Male/6 female         9 Male/6 female         9 Male/6 female             9 Male/6 female              ---                     ---
  PMI (h)                           23.7±9.9 (8--42)        27.5±10.7 (7--47)       32.5±16.1 (13--62)          33.7±14.6 (12--61)           0.147                   One-way ANOVA
  Brain (pH)                        6.3±0.2 (5.8--6.6)      6.2±0.2 (5.8--6.5)      6.2±0.2 (5.8--6.5)          6.2±0.3 (5.8--6.6)           0.611                   One-way ANOVA
  Side of brain                     7 Right/8 left          6 Right/9 left          8 Right/7 left              6 Right/9 left               0.864                   *χ*^2^ test
  Brain weight (g)                  1501±164 (1305--1840)   1462±142 (1240--1740)   1441±172 (1130--1690)       1471±108 (1270--1640)        0.739                   One-way ANOVA
  Refrigeration interval (h)        3.6±1.4 (1--6)          7.9±5.5 (3--21)         9.5±10 (2--39)              8.5±7.2 (3--27)              0.114                   One-way ANOVA
  Storage days                      2257±234 (1950--2693)   2353±290 (2005--2850)   2540±172 (2143--2755)       2540±233 (1987--2857)        0.003                   One-way ANOVA
  Age at onset (years)              ---                     33.9±13.3 (11--54)      21.5±8.3 (7--39)            23.2±8.0 (13--42)            0.003                   One-way ANOVA[a](#t1-fn1){ref-type="fn"}
  Duration of disease (years)       ---                     12.7±11.1 (1--42)       20.1±9.7 (6--43)            21.3±11.4 (5--45)            0.068                   One-way ANOVA[a](#t1-fn1){ref-type="fn"}
  Death by suicide                  15 No                   8 No/7 Yes              6 No/9 Yes                  11 No/4 Yes                  0.181                   ^2^*χ* test[b](#t1-fn2){ref-type="fn"}
  History of psychosis              ---                     15 without              11 with/4 without           15 with                      0.100                   Fisher\'s test[c](#t1-fn3){ref-type="fn"}
  Fluphenazine equivalent (mg)      0                       0                       20 827±24 016 (0--60 000)   52 267±62 062 (0--200 000)   0.078                   Unpaired *t*-test[c](#t1-fn3){ref-type="fn"}
                                                                                                                                                                     
  *Obesity index (BMI, kg* m^−2^)                                                                                                                                    
   15--20                           0                       2                       3                           1                            0.335                   *χ*^2^ test
   21--25                           6                       3                       2                           3                                                     
   26--30                           5                       8                       7                           3                                                     
   31--35                           1                       1                       1                           4                                                     
   36--40                           1                       0                       2                           2                                                     
   41--45                           2                       1                       0                           2                                                     
                                                                                                                                                                     
  *SUBS*                                                                                                                                                             
   Never                            12                      10                      6                           9                            0.377                   *χ*^2^ test
   Current                          1                       4                       6                           4                                                     
   Past                             2                       1                       3                           2                                                     
                                                                                                                                                                     
  *SUBSSEV*                                                                                                                                                          
   None/little/social               14                      11                      7                           10                           0.056                   *χ*^2^ test
   Moderate use (current, past)     1                       0                       5                           2                                                     
   Heavy use (current, past)        0                       3                       3                           3                                                     
   Unknown                          0                       1                       0                           0                                                     
                                                                                                                                                                     
  *ETOHSEV*                                                                                                                                                          
   None/little/social               11                      9                       4                           7                            0.156                   *χ*^2^ test
   Moderate use (current, past)     4                       1                       3                           3                                                     
   Heavy use (current, past)        0                       4                       5                           3                                                     
   Unknown                          0                       1                       3                           2                                                     
                                                                                                                                                                     
  *Smoking at the time of death*                                                                                                                                     
   Yes                              4                       5                       3                           5                            0.534                   *χ*^2^ test
   No                               3                       5                       7                           7                                                     
   Unknown                          8                       5                       5                           3                                                     

Abbreviations: ANOVA, analysis of variance; BD, bipolar disorder; ETOHSEV, severity of alcohol abuse; MDD, major depressive disorder; PMI, post-mortem interval; SUBS, history of substance abuse; SUBSSEV, severity of substance abuse.

Values are expressed as means±s.d. (minimum−maximum).

One-way ANOVAs were used only among MDD, BD, and schizophrenia groups. History of SUBS: never, no history of use; current, drug and/or alcohol use at the time of death; past, a history of alcohol and/or drug use but not in the 6 months before death. Group differences in smoking at the time of death were analyzed after excluding unknown subjects.

*χ*^2^ Test was used among MDD, BD and schizophrenia groups.

Fisher\'s exact test and an unpaired *t*-test were used with the BD and schizophrenia groups.

###### Effects of uncountable confounding factors on the human brain FA composition

  *Parameter*             *FPC (BA 10)*   *ITC (BA 20)*                                    
  ----------------------- --------------- --------------- ---------------- ------- ------- -------------
  Gender (60)             0.678           0.692           0.826            0.692   0.649   0.865
  Side of Brain (60)      0.546           1.212           0.296            0.591   1.011   0.479
  Death by Suicide (60)   0.572           1.091           0.399            0.570   1.101   0.391
  SUBS (60)               0.531           0.528           0.212            0.502   0.582   0.975
  SUBSSEV (59)            0.521           0.530           0.989            0.492   0.586   0.973
  ETOHSEV (54)            0.331           0.861           0.701            0.339   0.838   0.734
  Psychosis (60)          0.641           0.816           0.695            0.709   0.600   0.903
  *Diagnosis (60)*        0.023           3.489           **\<0.0001\***   0.094   1.662   **0.01\***
   Sch vs Cont (30)       0.263           0.583           0.831            0.419   0.289   0.989
   AD vs Cont (45)        0.061           12.808          **\<0.0001\***   0.204   3.253   **0.005\***
   AD vs Sch (45)         0.054           14.667          **\<0.0001\***   0.176   3.894   **0.002\***
   BD vs MDD (30)         0.177           0.969           0.579            0.307   0.470   0.904

Abbreviations: AD, affective disorders (including BD and MDD); BD, bipolar disorder; Cont, normal control; ETOHSEV, severity of alcohol abuse; FA, fatty acid; FPC, frontopolar cortex; ITC, inferior temporal cortex; MDA, multiple discriminant analysis; MDD, major depressive disorder; Sch, schizophrenia; SUBS, history of substance abuse; SUBSSEV, severity of substance abuse.

MDA was used for the analyses. *P*-values ≤0.05 are shown in bold.

Numbers within parentheses indicate numbers of samples analyzed.
